Abstract: An inverse spinel LiCoVO 4 cathode material was synthesized by a citric acid-urea polymeric method, calcined at 773 K for 5 h. The synthesized LiCoVO 4 sample was surfacemodified with La 2 O 3 and/or malonic acid. The composite materials were comprehensively characterized with the aid of various spectroscopic and analytical techniques. X-ray diffraction (XRD) patterns revealed that single-phase crystallinity occurred when they were heated at 773 K for 5 h in air. For the La 2 O 3 -coated samples, there was no evident signal corresponding to secondary-phase peaks. Fourier transform infrared (FTIR) spectra showed the complete elimination of organic residues, nitrates, and the formation of pure LiCoVO 4 at 773 K. The two strong peaks due to sp 2 and sp 3 carbon bonding in the Raman spectra clearly confirm the presence of carbon coating at the surface of LiCoVO 4 particles. Transmission electron microscopy (TEM) images showed that the 0.5 wt % La 2 O 3 -coated LiCoVO 4 material calcined with 60 wt % malonic acid was compact with an average thickness of about 15 nm. This composite cathode material also demonstrated the best cell performance with an initial capacity of 71 mAhg -1 and better thermal stability with lower heat evolution of 35 Jg -1 , and a higher onset temperature of thermal decomposition at 475 K, vs. 176 Jg -1 and 452 K for the bare LiCoVO 4 sample.
INTRODUCTION
Since the discovery of both LiNiVO 4 and LiCoVO 4 as new cathode materials for secondary Li batteries in 1993 [1] , interest in inverse spinel materials has arisen due to their high-voltage behavior. A family of inverse spinel vanadate cathode materials such as LiCoVO 4 (4.3 V), LiNi y Co 1-y VO 4 (y = 0.1-0.9) and LiNiVO 4 (4.8 V) were investigated by Fey et al. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In this structure, Li + ions reside in octahedral sites and Co 2+ and Ni 2+ ions and V 5+ ions were distributed both in octahedrally and tetrahedrally coordinated sites.
Many attempts have been made to enhance the electrochemical properties of LiNiVO 4 and LiCoVO 4 materials through different synthesis techniques, such as the glycine-nitrate combustion plexes between the metallic cations and citric acid that facilitated the formation of homogeneous, nanosized particles. The resultant transparent dark bluish solution was heated gently at 363 K with continuous stirring for 6 h to remove the excess water. The solution turned into a transparent dark bluish sol and was allowed to form a polymeric gel, which was heated at 393 K in an oven for 24 h. The dried polymeric precursor was heated at a ramping rate of 4 K min -1 and maintained at 423 K for 3 h and 573 K for 3 h, with intermediate grinding. A dark brown LiCoVO 4 powder (product A) was obtained after further heating at 773 K for 5 h in air. 4 A polymeric process was employed to prepare the 0.1, 0.5, and 1.0 wt % of La 2 O 3 -coated LiCoVO 4 cathode particles. Chemicals used were LiCoVO 4 powders prepared by the polymeric method in the previous section 2.1, La(NO 3 ) 3 ؒ6H 2 O (Aldrich) and polyvinyl alcohol (PVA, degree of polymerization is 1500). Freshly prepared LiCoVO 4 (product A) was dispersed in deionized water by a 1 h sonication, followed by 3 h stirring. The calculated 0.1, 0.5, and 1.0 wt % of La(NO 3 ) 3 ؒ6H 2 O to form La 2 O 3 and PVA were dissolved in warm deionized water and added dropwise to the dispersed LiCoVO 4 solution after sonication for 0.5 h. The mixture was stirred for 6 h at 298 K and heated at 363 K with continuous stirring. After removal of excess water for 7-8 h, a thick polymeric gel was formed. The gel was further dried in an oven at 393 K for 12 h to form a dry brown powder, which was heated at 873 K for 2 h in air with a heating ramp rate of 4 K min -1 to form a thin layer of La 2 O 3 coating on the LiCoVO 4 cathode particles (product B) with the weight ratios of 99.9:0.1, 99.5:0.5, and 99.0:1.0, respectively.
Synthesis of La 2 O 3 -coated LiCoVO

Synthesis of La 2 O 3 -coated LiCoVO 4 /C composite materials
The La 2 O 3 -coated LiCoVO 4 product (product B) was mixed with malonic acid in acetone, and ballmilled under argon for 30 min. The mixture was then calcined at 873 K for 10 h under a purified atmosphere (5 % H 2 in Ar) and a black powder (product C) was obtained for La 2 O 3 -coated LiCoVO 4 /C composite material.
Product characterization
A powder X-ray diffractometer (PXRD), Siemens D-5000, Mac Science MXP18, equipped with a Ni-filtered Cu-K α radiation source (λ = 1.5405 Å) was used to study the structure and phase purity. The diffraction patterns were recorded between scattering angles of 15°and 80°in steps of 0.05°. Fourier transform infrared (FTIR) spectra were recorded at 298 K on powdered samples using the KBr wafer technique in a Jasco-410 FTIR instrument. The spectra were recorded with a resolution of 2 cm -1 in transmittance mode from 400 to 4000 cm -1 , corrected for background. The thermal analysis (TG/DTGA) measurements were carried out on a Perkin-Elmer TGA-7 series thermal analysis system in air at a heating rate of 20 K min -1 from 298 K. The surface morphological studies were carried out on a Hitachi model S-3500V scanning electron microscope (SEM). The microstructures of the particles were examined by a JEOL JEM-200FXII transmission electron microscope (TEM) equipped with a LaB 6 gun. The sample for TEM study was prepared by dispersing the cathode powder in ethanol, placing a drop of the clear solution on a carbon-coated copper grid, and subsequent drying. X-ray photon spectroscopy (XPS) and the depth profiles of lanthanum, cobalt, vanadium, and oxygen were recorded by an electron spectroscopy for chemical analysis (ESCA) instrument (VG Scientific ESCALAB 250) with monochromatic Al K α radiation 1486.6 eV. The survey spectra were scanned in the range 0.00-1400.00 eV binding energy (BE) in 1.00 eV steps.
Carbon content analyses of the products were investigated on an OIA Model 1010 TOC Analyzer with an oxygen gas rate at 200 ml/min and a nitrogen gas rate at 350 ml/min. Raman spectroscopy was performed on samples of powders using an ISA T64000 double beam pass spectrometer equipped with a microscope stage for analyzing small samples utilizing 180°incident geometry. A Spectra Physics argon-ion laser was employed to excite laser Raman spectra using a 515-nm laser line at an incident power of ca. 10 mW along with a water-cooled photomultiplier tube. The scanning rate used to collect the spectra was kept at 10 cm -1 min -1 . The electronic conductivity of samples was measured by fourpoint conductivity measurements of Keithley Model 2400S source meter.
The cathodes for electrochemical studies were prepared by a doctor-blade coating method with a slurry of 85 wt % coated active material, 10 wt % conductive carbon black, and 5 wt % poly(vinylidene fluoride) as a binder, in N-methyl-2-pyrrolidone (NMP), as the solvent for the mixture, which was then applied onto a surface-cleaned aluminum foil current collector and dried at 393 K for 12 h in an oven. The coated cathode foil was then smoothed by pressing it through stainless-steel twin rollers and cut into circular disks 13 mm in diameter.
The electrochemical performance of the above discs was carried out with coin-type cells of the 2032 configuration and were assembled in an argon-filled VAC MO40-1 glove box in which the oxygen and water contents were maintained below 2 ppm. The above-prepared circular disk was used as the cathode, Li metal (Foote Mineral) as the anode and a 1 M LiPF 6 in 1:1 by volume ethylene carbonate (EC)/diethyl carbonate (DEC) (Tomiyama Chemicals) as the electrolyte with a Celgard membrane as the separator. The cells charge-discharge cycles were performed at a 0.1 C-rate between 3.0~4.5 V in a multichannel battery tester (Maccor 4000) at 298 K. -m(O 7 h ) space group symmetry [36] . The characteristic identity of an inverse spinel structure is the ratio of the Bragg peak intensities of (111) and a strong (220) line [1] . The presence of transition-metal atoms on the tetrahedral coordinated 8a site leads to an increase in the (220) intensity at the expense of the (111) peak that conforms to an inverse spinel structure. The samples heated at 773 K showed the peak intensity ratio for I (220) Figure 3 shows the FTIR spectra for LiCoVO 4 heated at 393 K for 24 h, 573 K for 3 h, 773 K for 5 h in air and pure LiCoVO 4 , respectively. In Figs. 3a and 3b, the broad band observed in the region 3200-3600 cm -1 is due to the presence of stretching modes of OH groups present in the complexes of citric acid, as well as stretching modes of N-H groups of urea [37] . The low transmittance bands observed at 2858 and 2922 cm -1 are attributed to the asymmetric and symmetric stretching of the CH 2 group of the citrate, respectively [37, 38] . The FTIR band observed at 1630 cm -1 is due to the asymmetric vibrations of carbonyl groups of citric acid and urea with the metal ions [37] . The band observed at 1394 cm -1 is due to asymmetric stretching of C-O-C groups as well as the nitrates in the polymeric network. Thus, the FTIR spectra revealed the heat treated samples at 393 and 573 K were formed of metal carboxylate, thereby confirming that the citric acid-urea complex chelates the metal ions. The citric acid functions as a chelating agent that provides a homogeneous distribution of cations such as Li, Co, and V, because these cations are trapped in the citric acid polymeric network. Therefore, it is possible to prepare a very homogeneous oxide powder with nanosized particles. From Fig. 3b , it is observed that the reduction in the intensity of the bands corresponds to the organic residues and appearance of new bands associated with the formation of the LiCoVO 4 compound. In Fig. 3c , the citrate-urea complex bands completely disappeared and formed a crystalline LiCoVO 4 compound, when heated at 773 K for 5 h. There is broad strong band in the region of 512-971 cm -1 that can be assigned to a stretching vibration between the oxygen and V 5+ ions of the VO 4 tetrahedron, which has A 1 symmetry and is comprised of sub bands: 733 and 809 cm -1 , which agrees with the pure LiCoVO 4 shown in Fig. 3d [36] . The broadness of the 512-971 cm -1 band could be tentatively explained in terms of the asymmetrical bonding of VO 4 tetrahedron where two types of cations, namely, Li and Co, may be bonded with each oxygen atom of a VO 4 tetrahedron. As a result, asymmetry is introduced to the VO 4 unit without disturbing the overall cubic symmetry of the elementary unit cell. 
RESULTS AND DISCUSSION
X-ray diffraction
FTIR analysis
Raman, total organic carbon, and conductivity analyses
The structure and conductivity of the deposited carbon on the surface of LiCoVO 4 particles were investigated using Raman spectroscopy and four-point dc method, respectively. Micro laser Raman spectroscopy is known to be a useful technique for detecting carbon coating at the surface of coated particles, since the penetration depth of the light inside the particles in Raman scattering is very small. Figure 4 and Table 1 display the Raman spectra of the composite materials in the range of 800~1800 cm -1 . The broad bands at 1350 and 1590 cm -1 are well known from the spectroscopy of carbon as being the D and G bands that originate from amorphous and graphitic forms, respectively [39, 40] . The bands at 1350 and 1590 cm -1 can be assigned to the sp 2 graphite-like structure, and the others to the sp 3 amorphous carbonaceous materials [41] . The two strong peaks due to sp 2 and sp 3 carbon bonding in the Raman spectra clearly confirm the presence of carbon coating at the surface of LiCoVO 4 particles. The peak intensity ratios between 1350 and 1590 cm -1 can be calculated as R-values (I D /I G ), and used to estimate the degree of disordering. This value indicates that the carbon can be pyrolyzed to form highly graphitized carbons with low I D /I G ratios and good electronic properties [41] .
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Cathode material of Li-ion cells 2527 The carbon content was determined by total organic carbon (TOC) analysis. The carbon coating treatment of La 2 O 3 -coated LiCoVO 4 particles with malonic acid greatly improved the electronic conductivity of LiCoVO 4 by a factor of five, as shown in Table 1 . Conductivity increased along with the carbon content of composite samples that was between 2.8 and 3.5 wt %. The individual LiCoVO 4 crystals were wired together by the coated carbon layer, so the carbon layer provides a conductivity network and might increase the conductivity of the materials, which would be beneficial to electrochemical properties.
Electron spectroscopy for chemical analysis
X-ray photoelectron spectroscopy (XPS) has been used widely to study the surface composition and to determine whether the La 2 O 3 coating remained on the surface of the core materials or formed a solid solution. Figure 5 shows the XPS spectrum of La 3d at a surface depth of 0 and 30 nm, respectively, for La 2 O 3 -coated LiCoVO 4 . From Fig. 5 , the La spectrum displays characteristic BEs of 832 eV (La 3d 5/2 ) and 858 eV (La 3d 3/2 ) at a surface level, but at a depth of 30 nm, the same peaks were found to be very shallow. The BE values are in agreement with La 3d in La 2 O 3 [42] . The difference in peak intensities demonstrates that the La 2 O 3 remained on the surface of the core material and did not react to form any solid solution with the pristine material, as supported by our XRD results. As the depth increased, it is clearly noticeable that there was a decrease in La 2 O 3 concentration.
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Cathode material of Li-ion cells 2529 Figure 6 shows the entire spatial distribution of O, Co, V, and La atomic concentrations in La 2 O 3 -coated LiCoVO 4 with a depth profile of the particle up to 100 nm. The concentration of cobalt increased to a depth of about 10 nm and then leveled off. Similarly, the concentration of vanadium increased to a depth of about 20 nm and then leveled off. The high atomic concentration of oxygen at the surface of the oxide is reasonable due to the presence of La 2 O 3 oxygen content. The concentration of lanthanum was low, typically less than the 10 at % at the surface level. Beyond that, there was a rapid decrease in the lanthanum concentration with the depth of the particle. The depth profile value corresponds approximately to the thickness 15 nm of the compact layer observed with a TEM image. Figure 7 represents the SEM micrographs for the LiCoVO 4 cathode material heated at 423 K for 3 h, 573 K for 3 h, and 0.5 wt % La 2 O 3 -coated LiCoVO 4 /carbon, respectively. From Fig. 7a , it is observed that the morphology of the sample heated at 423 K contained large particles that had sharp edges. At 573 K in Fig. 7b , these large particles started to break up into flaky structures, due to the decomposition of the citric-urea complexes, as is also evident in the TGA results. From Fig. 7c , the individual LiCoVO 4 crystals were wired together by the coated carbon layer, so they aggregated to form the grains several hundred micrometers in size. In order to observe the microstructure of LiCoVO 4 and related coated materials, we studied those powders further using TEM/energy-dispersive spectrometry (EDS)/ selected area electron diffraction (SAED) methods. Figures 8a, 8b, and 8c show the TEM images of the pristine LiCoVO 4 , the 0.5 wt % La 2 O 3 -coated LiCoVO 4 , and 0.5 wt % La 2 O 3 -coated LiCoVO 4 /C composite materials, respectively. In Fig. 8a , it is evident that LiCoVO 4 crystallines are uniform spherical nanosized particles with better dispersion and the average size of these unique nanosized particles ranges from 90 to 100 nm. The particles shown in Fig. 8a have a unique nanosized spherical shape, which can be attributed to the action of the chelating agent assisted with urea that prevents phase separation and leads to the formation of unidentated complexes between the metallic cations and citric acid that facilitates the formation of homogeneous and nanosized particles. In Fig. 8b , there is a thin layer on the surface of the core material in the form of a blanket that had a thickness of about 15 nm. The surface composition was identified as La 2 O 3 by the EDS data of Fig. 8d . It is suggested that La 2 O 3 is a good additive and can provide enough adherent interaction between the core and the coating materials cined with 60 wt % malonic acid is similar to that in Fig. 8b . Unfortunately, no carbon peak was observed in the EDS spectrum in Fig. 8f because our TEM/EDS instrument could not detect any element with an atomic number less than 16. Therefore, carbon and oxygen could not be determined. However, the presence of amorphous carbon can be confirmed by the appearance of hollow ring patterns in SAED in Figs. 8j and 8k.
Morphology
Differential scanning calorimetry analysis Figure 9 shows the differential scanning calorimetry (DSC) curves for the bare or pristine LiCoVO 4 , 0.5 wt % La 2 O 3 -coated LiCoVO 4 , 60 wt % malonic acid-coated LiCoVO 4 , and 0.5 wt % La 2 O 3 -coated LiCoVO 4 calcined with 60 wt % malonic acid cathode material, charged to 4.5 V at a 0.1 C-rate and then potentiostatted at 4.5 V vs. Li + for 10 h. In Fig. 9 , the bare cathode material displays two characteristic exothermic peaks with major decomposition temperature at 453 K and a minor one at 522 K. All three coated cathode materials exhibit a single exothermic peak with a shift toward a higher decomposition temperature by 7-23 K. The onset temperature of the thermal decomposition was raised significantly, and the total reaction heat was reduced greatly by La 2 O 3 and/or malonic acid-coatings, as shown in Fig. 9 . The DSC results show that the 0.5 wt % La 2 O 3 -coated LiCoVO 4 sample calcined with 60 wt % malonic acid demonstrated the best thermal stability of the materials we studied. The heat evolution due to the bare cathode material was 176 Jg -1 , while the heat evolution due to the La 2 O 3 -coated LiCoVO 4 /C composite cathode material was greatly reduced to 35 Jg -1 . The decreased heat evolution is substantiated by literature reports on coated samples compared with uncoated samples [43] [44] [45] [46] . Hence, La 2 O 3 and malonic acid-coated LiCoVO 4 significantly depressed exothermic activity and reduced heat generation at a highly delithiated state.
Galvanostatic cycling behavior
The galvanostatic cycling behavior of 0.1, 0.5, and 1.0 wt % La 2 O 3 -coated LiCoVO 4 is compared with that of pristine LiCoVO 4 prepared by a citric acid-urea polymeric method. Figure 10 shows the discharge curves of pristine LiCoVO 4 and 0.1, 0.5, and 1.0 wt % La 2 O 3 -coated LiCoVO 4 and 0.5 wt % La 2 O 3 -coated LiCoVO 4 calcined with malonic acid. The initial charge-discharge capacity of pristine LiCoVO 4 was 71 and 61 mAhg -1 , respectively. After 10 cycles, the discharge capacity was 33 mAhg -1 and cycling efficiency 54 % for the first 10 cycles. Furthermore, its capacity fading increased with continuous cycling and dropped to 10 mAhg -1 at 30 cycles. On the other hand, the discharge capacities and cycle stability were enhanced for the La 2 O 3 -coated cathode materials, compared to the pristine cathode. The initial discharge capacities of 0.1, 0.5, and 1.0 wt % La 2 O 3 -coated LiCoVO 4 were 57, 54, and 58 mAhg -1 , respectively. After 30 cycles, the discharge capacities of the 0.1, 0.5, and 1.0 wt % La 2 O 3 -coated samples were 29, 38, and 33 mAhg -1 and cycling efficiency 50, 70, and 57 % for the first 30 cycles, respectively. In Fig. 10 , the La 2 O 3 -coated samples also had an initial drastic fall in capacity for the first 15 cycles, but thereafter, it retained good cycle stability for about 110 cycles. Compared to various wt % coating levels, the 0.5 wt % La 2 O 3 -coated sample exhibited the best discharge capacity and cycle stability. As a result of the La 2 O 3 coating, the cathode material was protected from direct contact with the HF-containing electrolyte. Furthermore, the cell capacity and cycle life improved significantly after malonic acid treatment. For instance, a 0.5 wt % La 2 O 3 -coated LiCoVO 4 sample calcined with 60 wt % malonic acid can provide an initial capacity of 71 mAhg -1 and reach 60 mAhg -1 at 30 cycles. 
